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Abstract — A model of the ionosphere and plasmasphere is used to investigate the ellects of an mposed
westward plasma drift on O and molecular ion behaviour i the nightside 1onosphere. A closed subiuroral
tube of plasma is considered and the velocity input persists for 30 min. The rapid increase in the F-region
ion temperature resulting rom ion -neutral frictional heating causes an immediate surge in the O field-
aligned velocity. upwards in the topside ionosphere and downwards below the #2-peak. but after about
10 min into the event the surge in the topside disappears. Afler the event there is a return flow of O from
the plasmasphere. The relative abundance of O decreases during the event due to the increased rate of
conversion of O into NO* and O} ; the decrcase is more marked for greater values of the imposed
westward ion drift. AL a given Feregion altitude. a low relative abundance of O is more hkely under
sunspol maximum atmospheric conditions. There are also significant percentages of NO* 1n the topside
ionosphere during the event. The bearing of these results on satellite observations of SAID (subauroral
ion drift cvents) and on EISCAT incoherent scalter radar observations of ion heating cvents is discussed.

1. INTRODUCTION

In a recent paper, Anderson ef al. (1991) have
presented the results of observations of subauroral
ion drift cvents (SAID) made on the Atmosphere
Explorer-C and Dynamies Explorer 2 spacccraft. The
results were used to examine the temporal evolution
of SAID and to determine the effects of SAID on
F-region ion composition and on the mid-fatitude
F-region trough.

The results of Anderson ¢r «/. (1991) indicate that
SAID events may last longer than 30 min (and less

than 3 h). This has implications for the modelling of

such events. Previous calculations of the effect of a
SAID on the plasma contained in a single plasma-
spheric magnetic flux tube (Sellek et «l., 1991, 1992:
Mofett er al.. 1991) have been limited to what have
been termed “spikes™ of enhanced westward flow, ie.
the westward flow was imposed for 10 min and then
switched off. Some of the immediate signatures of the
SAID in the ionosphere (such as the ion temperature
enhancement in the F-region) may persist almost
unchanged throughout a SAID of duration 30 min
bul others. such as the behaviour of the molecular

ions and the fluxes of atomic ions in the topside tono-
sphere, may cvolve with time. The presence of large
jon drifts perpendicular to the magnetic ficld (and the
presence of molecular ions, even at altitudes as high
as 600 km) presents a significant challenge to the
interpretation of the retarding potential analyzer data.
The measured distribution  functions non-
Maxwellian and while the fitting procedures can
accommodate such distributions (St-Maurice et al.,
1976) carc should be exercised in interpreting the
“temperature” as the width of a Maxwellian dis-
tribution. When a  Maxwelhan  distribution s
assumed, the temperature still indicates the width of
the distribution function but no information ibout
the shapc of the function is available

In this paper the model of Sclick or el (1991 iy
used to investigate the efects of a SATD that persists
for 30 min. The approach of the behaviour of the
topside ionosphere 1o sleady state is examined.
Emphasis is also placed on the details of the ion com-

are

position in the F-region. i view of the recent exper-
imental results on ion composition (Anderson ¢f af.,
1991) and in view of the limited results on this topic
presented in carlier model papers.
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The bearing of the ion composition results on the
interpretation of incoherent scatler radar resuits
is also discussed. Observations made by using, for
example, the European incoherent scatter radar

faciity (EISCAT) have revealed the occurrence of

what have been termed “ion heating events™. The ton
heating, as in SAID, can ansc from large electric fields
causing rapid plasma motions and thus ion—neutral
frictional heating. In connection with their relation-
ship to ion density troughs Rodger er al. (1992) have
noted the likely locations of such large clectric ficlds.

2. MODEL CALCULATIONS AND INPUTS

The mathematical model of the Earth’s ionosphere
and plasmasphere used in this study is described in
detail by Bailey and Sellek (1990). In the modecl, values
of the concentrations, temperatures and field-aligned
velocities of the O*, H*, He*, Ni, OF and NO*
ions, and the electrons, are obtained from time-depen-
dent equations describing the chemical and physical
processes controlling the thermal plasma. These equa-
tions, for the continuity, momentum and energy bal-
ance of the plasma confined within closed magnetic
flux tubes, are solved along the axis of a flux tube
connecting the conjugate hemispheres. A centred
axial-dipole representation of the geomagnetic field is
assumed and for the present study all calculations
were performed for the L = 4 field line which inter-
sects the Earth’s surface near 60° latitude. For the
model calculations, equinox (day 82) conditions were
chosen and. to provide results representing both solar
minimum and maximum, F,,, fluxes of 80 x 10722
and 190% 1072 W m~? Hz™', respectively, were
used. An A, index value of 20 was chosen to simulate
thermospheric conditions for moderate magnetic
activity.

The model results presented in Section 3 have been
obtained from a common base set of calculations com-
mencing at 12:00 L.T. and running for 3.5 consecutive
24-hour periods. These calculations yield data for a
magnetic flux tube located at local midnight and simu-
lating an early stage of ion replenishment following
depletion of the outer plasmasphere by a magnetic
storm. Using these data as input, four additional sets
of calculations were performed for one further hour
of elapsed time. The first set of calculations represents
a straightforward continuation of the base cal-
culations with no applied westward Ex B drift. For
the second, third and fourth sets, however, the mag-
nctic flux tube was subjected to sudden westward
drifts with velocities of 2, 3and 4 km s~ ', respectively,
at an elapsed time of 5 min alter midnight. These drifts
persist for 30 min in clapsed time before decreasing

R. 3. MOFFETT €1 0l

rapidly back to zero. In cach case, the local time was
held fixed at 24:00 since otherwise the flux tube would
move back into the daylight sector when under the
influence of applied westward drifts of 3 and 4 km
s ' This is not to imply that daytime SAID cvents
are not observed (sce, for example. Pinnock, 1985)
but is a computational simplification to avoid plasma
tcmperature increascs caused by incident
radiation.

solar

3. RESULTS AND DISCUSSION OF THEIR RELEVANCE
TO SAID

Sunspot maximum conditions

The primary ionospheric signature of the SAID
(Anderson er al.. 1991) is illustrated by the 1on tem-
perature profiles shown in Fig. [ : these results were
obtained for an ion drift of 2 km s ‘. At F-region
altitudes the ion temperature, 7. has increased by
over 3000 K from its unperturbed value. The difference
T,—T,, where T, is the neutral particle temperature,
is due to ion-neutral frictional heating and is approxi-
mately proportional to the square of the ion drift
velocity, V2, for large values of V,, assuming that the
neutral air wind velocity is relatively small. The time
dependences of T, at fixed altitudes are shown in Fig.
2. It is seen that at 300 and 500 km altitudes, where
ion—neutral friction is the dominant heating mechan-
ism, 7, increases very rapidly when the SAID is
apphied. At greater altitudes the more tenuous neutral
air dramatically reduces the frictional heating. The
ion temperatures at these altitudes rise morc slowly
due to the upwards conduction of heat from the region
of frictional heating. These time scales are evident
again when the SAID is removed. after 35 min elapsed
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time. At the Jower altitudes, cooling due to ion-
neutral heat transfer occurs rapidly, whereas at
greater altitudes the heat in the ion gas is first con-
ducted downwards. Note, however, that the time
scales for establishing a new equilibrium temperature
distribution are shorter than the times required to
transport the plasma significant distances.

The rapid increase in 7, in the F-region increases
the plasma pressure relative to that in the topside.
Rapid upward ficld-aligned flows are gencrated
(Sclick et @/, 1991), in accordance with experiment
(Anderson er al., 1991). The development of these
flows with time for an ion drift of 2 km's ' is shown
in Fig. 3. It 1s clear that as the plasma pressure dis-
tribution approaches steady state (illustrated by the
7, behaviour in Fig. 2) the field-aligned flows in the
topside, although remaining upward, subside quite
rapidly. When the zonal ion velocity is switched off,
O" tends to return from the plasmasphere to the F-
region. Also apparent is the contrasting behaviour at
300 km altitude. Here, a downward velocity results
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from plasma expansion below the F-peak (peak height
is 385 km before the event) and from enhanced loss
of plasma associated with the large drift velocity.

The behaviours of the electron and ion con-

ION CONCENTRATION (cm?)

centrations {Figs 4 and 5(a)] depend on the interaction
of chemical and dynamical effects. The rate of con-
version of O* into NO* and O} depends on the rate
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PG 3(b) AS TOR F1G SGU EXCERT THAT THE CONDETIONS ARE APPROPRIATE 1O SOUAR MINIMUM
O'" + N, > NO" +N (1) [t has also been pomted out by Anderson o al.
(1991) that at higher altntades the trough signatare s
and 5 .
considerably mitigated or even absent. Figure 4 shows
0'+0,-0; +0. (2y  that the degree of mitgation will depend on the alti-

and on the densities of the neutral molecular species.
N, and O,. The rate cocfhicients increase rapidly with
temperature when 7, is raised significantly above. sav.
the neutral air temperature (Schunk e of.. 1975,
Albrnitton er al., 1977 ; St-Maurice and Torr. 197%).
Note that the fit by St-Maurice and Torr (1978) relies
on the cross-sections of Albritton er «l. (1977) in
preference Lo earlier cross-sections. In the carly stages
of the event, as T, increases rapidly in the F-region
{where N, and O, dcensitics are appreciable). con-
version of O to NO* | with O7F playing a minor role.
leads to severe reduction in the O* density at 300 km
alutude and an increase in NO* density (Fig. 3): the
clectron concentration declines at this altitude (Fig.
4). The field-aligned surge of O* into the topside
1onospherc and plasmasphere also contributes 1o the
reduction in Q" density (Sctlek er af.. 1991). The
trend of decreasing O and NO * densitics continues
to the end of the event.

Anderson ecal. (1991) have pointed out that SATD
troughs are often embedded in the mid-latitude trough
that is presumably formed by the Spiro e ol (1978)
plasma stagnation mechanism or s due to vibration-
allv excited N, spilling from the auroral sone. The
plisma stagnation occurs in the dusk scctor when
the magnetospheric convection opposes corotation
The modet results do not attempt to account for the
ambient mud-latitude trough. Nonetheless, the model
trough concentrations for the larger 1on drifts are
comparable (10* -3 10* cm ' at 300 km altitude)
to those observed. Also. the model results dem-
onstrate that the trough depth at a particular altitude
will depend on the duration of the event.

tude considered. on the value of the ton drift velocny
and on the duration of the event.

In Fig. 6 arc presented 10n composition results Tor
vanious values of the imposed westward 1on drift vel-
ocity. At 300 km altitude, in the absence of the west-
ward velocity, the ton gas 15 composed almost com-
pletely of O'. For typical SAID. the percentage
O declines rapidly when the westward velocity s
switched on and continues to decline with time as
more O isdestroyed to produce NO™ and O . Ander-
son er al. (1991) have presented results from DE-2
satellite observations showing that. under March 1982
thermospheric conditions, a SAID with drift of 3 km
s ' could give risc to molecular ion dominance
around 300 km altitude. The mode! results for 3 km
s ' are consistent with these experimental results. pro-
vided the SAID has been aperative for at least a tew
minutes. Figure 6(b) shows that. ata given time during
the SAID. the altitude dependence of the perceniuge
O s very marked at altitudes 250 km
For zero drift. this composition change occurs helow
250 km.

above

Swnspor mintowen conditions

Results tor 7,0
nol presented Tor sunspot minimum siee the depen-
dences of SATD signatures on time and altitude seen
m these variables are qualitatively similar to those To
sunspol maximum. Atenuon is drawn instead 1o the

ficld-atigned velocity and v are

behaviour of the ion composition at sunspol mini-
mum [Figs S(b) and 7).

For o given drift. clapsed time and
altitude. the percentage O at sunspot minimum (Fig

f-regton



668

100 T T T T Y -1
i ta) oL
i ’ ’
. |\\ K R 4
. Vs , .
1) ' / , 4
wl y h ‘/ !
~ ’ '
= 00 ]
w - '
) r 1 b
[+4 \ !
w I ; 4
a ' f
AY
5 . ; 1
- \\\ ‘ -
ol tew 1 0Tl Ly
0 410 20 30 440 50 60

ELAPSED TIME (mn)

F16. 6. CALCULATED PERCENTAGE (' FOR SUNSPOT

ALTITUDE (km)

R.J. MOFFETT ef al.

gt

1500 | - ;

1000 - ]
! ;
! i+
r ¢+

500 |- ]
po oot Tl
s E

0 -l " i N L . . N )
0 50 100

PERCENTAGE 0*

MAXIMUM CONDITHONS T IN PANLL (4} AS A FUNCTION Of

ELAPSED TIME AT 300 km ALTITUDE . IN PANEL (D) AS A FUNCTION OF ALTITGDE AT LLAPSED TIME 20 min -

WIESTWARD DRIFY VELOCITY ! —. ZERO

7) 1s less than that for sunspot maximum (Fig. 6).
This feature is caused by the reduction in neutral
molecular densities in the model thermosphere. As at
sunspot maximum [Fig. 5(a)}, OF plays a minor role
in the molecular ion abundance [Fig. 5(b)].

Anderson et al. (1991) have reported ion com-
position results obtained from the AE-C MIMS
instrument when the observed drift was about 2 km
s™' and the appropriate atmospheric conditions were
those for sunspot minimum. The AE-C satellite was
at about 270 km altitude. Results for 270 km altitude
(not shown but similar to those for 300 km altitude)
agree with the limited experimental data at solar
minimum indicating that it is less likely that the
molecular ions dominate the ion composition during
the SAID, in contrast to the situation at sunspot
maximum.

It is worth pointing out that, although not seen in
the SAID data, the model results predict that NO*
should constitute 5-20% of the total ion population
in the topside ionosphere (Figs 6 and 7). There is
evidence of increased NO* abundance in the topside
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of high-latitude troughs (Taylor er al., 1975), perhaps
associated with large clectric fields (Rodger ef af..
1992). Larger molecular ion densitics have been
observed in the topside during major magnetic storms
(c.g. Hoffman et al.. 1974). Also, during a major
magnetic storm, Ych and Foster {1990) have observed
a large upward flux of O* in the topside ionosphere.

4. RELEVANCE TO EISCAT OBSERVATIONS

The calculations described above were set up
specifically to model SAID events. A model of the
subauroral plasmasphere has been used in which Joule
heating in the E-region and ionization due to pre-
cipitating particles have been neglected. The effects of
a vertical neutral air wind, just one of the signatures
of E-region Joule heating, have been cxamined by
Sellek er al. (1992) using the same model of the
ionosphere and plasmasphere. The present model
results can assist, however, in the discussion of obser-
vations of F-region ion heating cvents in addition to
SAID events. We choose here 1o discuss observations
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of 1on heating events made by using EISCAT. as
recently presented by Winser er al. (1990) and Higg-
strom and Colhis (1990). In these stadies an essentil
part of the mterpretation ol the observations is a
deduction of the mean 1on mass at Z-regron altitudes
and so the present model results onon composition
are relevant

Winser et alo (1990) have conducted a special
EISCAT cexperiment v which the aspect angle
between the radar beam and the ecomagnetic tield was
fived at 347 1o avord any ambiguits in the derived jon
temperature caused by anisotrops i the 1on velociny
distribution function The wadar spectra were
anahvzed o take account also of the non-Mavwellian
hne-of-sight - velocity  distribution Results were
obtined Tor womght-time 1on heating event. Fligg-
strom and Collis (1990) have used LISCAT common
program data and have presented four case studies
which included ion heating events on the davside as
well as on the nightside.

In both the Winser ez «f. (1990) and Hijgestréom
and Collis (1990) studies the mitial analysis was car-
ried out using a fixed 1on composition profile. Recoy-
nizing the limitations of this assumption. a simplified
form of the ion energy equation and the “best avail-
able values of the other ionospheric parameters were
used to caleulate the ion temperature. T, This cal-

culated value, together with the experimental vatue of

the ratio 7,79, where 17, is the mean ion mass. enabled
the wn composition to be deduced. For the nightside
event of 16 December 1988 (Winser ¢ wf.. 1990) and
the dayside events of 25 March 1987 and 28 July
1987 (Higgstrom and Collis, 1990y the composition-
dependent analysis resulted in the dominance of the

1on composition by molecular ions during the peak of

the 1on heatng,

Our present model results are more directly appli-
cable to the Winser ¢z af. work than to the Hagestrém
and Colhs work, since in the model we use nightside
conditions with no ionization {rom precipitating par-
ucles. Winser ¢7 «l. noted that there was no strong
auroral disturbance at the time of their observations.
Amendments 1o the steady-state cuileulations by
Winser o1 wf. of the atomic/molecular ion rato are
vien i a cammentary by Lockwood or af. (1992):
these lead 1o an increase in the caleulated relative
molecularabundance. The present model results (Figs
6 and 7y pomnt o the likelthood of signiticant molec-
ular on abundances. particularly for higher drift
speedsat the 1on heating event has lasted (in the frame
ot the moving plasma) for tens of minutes.

T'he observations of Winser ¢r ¢/, show that the #-
regtan plusma deasiy appears. as obsereed from the
LISC T location, to recover Lo pre-event values. Our

model results show that of EISCAT views the same
volume of plasma alter the event as before the event.
then areturn flow of O (rom the plasmasphere (Fig
3) can restore the Feregon density (g 41 This possi-
bility wus menuoned by Kcating er af. (1990). An
alternative possibility 1s that the disturbed plasma has
moved out of the EISCAT ficld of view and that the
relatively unperturbed plasma observed by FISCAT
has the more usual mght-ume density values (sce curve
for undisturbed condivans in Fig. 4y,

IFor the davsaide abservanions re-analyzed by Hagg-
strom and Colhs, the results give molecular won abun
dances up to 70%, (for 23 March 1987) and 90, 1o
2N July 1987y i the Faczion: I account is tahen
however. af 1on wemperature amsotropy m the pres
cnee of large 1on diifts [see Lockwood ¢ af (199
and references therem | itis expected that the deduced
molecular 1on abundiances will be reduced ta about
15% and 35%. Simce the 1on drift selocities observed
by Haggstrom and Colhs are foss than 2 ks 'L ihese
values are consistent with the resubts ol Figs 6 and 7
We note that the davside observations show  the
presence of significant £-regton plasma and thus
presumably sigmficant Joule heating. Tius s ikely
to cause upwelling ol the neutral wir. giving rnise to
increased Noand O concentrations in the Fregion
and increased rate of conversion of O 10ns into
molecular ions. Preliminary modelling ol the reacuon
of the coupled thermosphere 1onosphere sysiem using
the UCL Shefficld coupled model (Quegan er al..
1992) has shown significant upwelling of the neutral
atmosphere 1n response to increased electric fields.

5. CONCLUSIONS

Modelling of SAID events has been pertormed in
which the 1on driftis imposed for 30 min. This has
permitted a study ol the evolution ol varous 1ono-
spheric signatures o SALD. The relevance of the
resulls on on composition o EISCAT observatuons
has also been discussed. The mam conctusions are -

(VY The 1on temperature i the Fregron increases
rapidly when the 1on dritt is imposed and 1 nun-
timed at the increased value throughout the event
When the doift ceases. the 1on temperature diops
rapidly towards the pre-cvent value. At higher o
tude. sach as 1000 km. the temperature imcrease s less
and occurs more slowls : the decrease after the cvent
requires up Lo an hour for the pre-event vidue 1o be
re-established.

(2) There is an immediate surge in the O tield-
aligned velocity. upwards in the topside 1onosphere
and downwards at 300 km attrude. Alter 10 mm mito
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the event the surge in the topside disappears; at 500
km altitude, for cxample, a downwards velocity sets
in. After the cvent there is a return flow of O* from
the plasmasphere.

(3) The reductions in modelled /~region clectron
concentration during the event arc comparable with
those observed on satcellite passes through SATD. The
concentration bechaviour depends on altitude, in
accordance with the SATD observations.

(4) The relative abundance of O decreases during
the event; the decrease is more marked for greater
values of the ion drift.

(5) The model results predict that, at a given /-
region altitude, a low relative abundance of O ' during
SAID is more likely under sunspot maximum con-
ditions, in accordance with experiment.

(6) The model results on ion composition support
the deductions, made recently using a composition-
dependent analysis of EISCAT data, that durning ton
heating c¢vents the F-region contains  significant
amounts of molecular ions.

(7) The model results predict significant pcrcentages
of NO* in the topside ionosphere.

(8) The model results may be the basis for
an improved composition-dependent analysis of
EISCAT data. An improvement nceded in the present
model is, for nightside conditions with no precipi-
tation, to allow for ion temperature anisotropy in
the ion pressure term in the field-aligned momentum
equations. For dayside and/or auroral conditions, the
upwelling of the neutral air suggests the need for
a coupled plasmasphere—ionosphere-thermosphere
model.

(9) There is a need for further details of the SAID
observations to validate the suggested behaviour with
time and altitude of the ionospheric and plasma-
spheric signatures.
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